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INTRODUCTION 


while the normal operating condition of a carburetor 
engine ia with throttled intake (except for maximum power), 
the air intake of a compression-ignition engine is not throt- 
tiled under ordinary conditions since the control of power 
is accomplished by varying the volume of the fuel charge. 
However, certain types of installations impose restrictions 
in the intake systea which produce a considerable throttling 
effect. Common examples of this effect are found in the 
use of air cleaners, the long and restricted induction 
systems of submarines or in the operation of Diesel engines 
at high altitudes. It was to determine the effect of these 
cornlitions upon the operation of the engine that the sub- 
ject investigation was undertaken, 
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THE EXPERIMENTAL SETUP 


A four-cylinder, four-cycle Caterpillar D-4400 Diesel 
engine, having a 4-1/4-in. bore, 5-1/2<in. stroke, 312-cu in, 
piston displacement, a 16:1 compression ratio, waa direct- 
connected to a 50-hp ¢leetric oradle dynamometer. The air 
induction system consisted of a 1-1/2-in. diameter bell- 
mouthed orifice inserted in one end of a 30-gal steel drum 
used a5 a surge tank. Connecting the surge tank to the 
air clesnor installed at the engine intake manifold was 
an 8-ft section of 2-1/2-in, inside diameter pipe together 
with a short section of rubber hose. A gate valve was in- 
serted in this line near the exit from the surge tank to 
act as the intake air throttling valve. An inclined man- 
ometer (Ellison draft gauge) was used to measure the pres- 
gure drop across the orifice ant thereby measure the rate 
of airflow through the orifice. A 19515 ml burrette was 
installed for measuring fuel consumption, A three-way 
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valve in the fuel supply line to the fuel injection pumps 
transferred the fuel supply from the regular engine fuel 
system to the burette during fuel consumption runs, A 
synchronized revolution counter and electric tiner served 
to count the number of revolutions made and the elapsed 
time of each run, The jacket-cooling syatem was not chanced 
and water temperature was controlled by the regular radi- 
ator and fan. A chromel-alumel thermocouple in a quarts: 
Fadiation shield was installed in the exhaust pire between 
the exhaust manifold and the muffler. The 6-in. lone, 
WA-in, inside diameter quartz tube open at both ents pro- 
jected inte the center of the exhaust pire. The thermo- 
gouple junction was located 1/4 of an inch inside the inner 
end of the quartz tube. The difference in pressure be- 
tween the exhaust gases and the atmosphere caused the hot 
@ases to sweep through the tube and by the thermocounle 
with a moderate velocity. The exhaust ga sampline cone 
nection was made at the junction of the exhaust manifold 
andi the exhaust pipe. Views of the experimental setup 
are shown in Figs. 1, 2 and 3 whieh follow this section, 

A highegrade Diesel fuel was used for all runs. 
This fuel had a viscosity at 100° Ff, of 40 seconds Say- 
bolt Universal; its specific gravity at 60° F, was 33,2” 
A.P.I.3; and its cetane number was greater than 45, 
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Exhaust gas sample connection. 

Exhaust temperature thermocouple position, 
Airemetering orifice. 

Intake air throttling valve. 


Draft gauge measuring pressure drop across orifice. 
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PIG, 3. <A VIEW OF THE EXMAUST GAS COLLECTING AND ANALYZING 
APPARATUS, 


A, Orsat apparatus taking a 100 ml sample, 

5B, Collecting and mixing tank. 

CG. Uonnection from exhaust manifold of engine, 
Db, Vent, 

By Water supply. 

¥, Water drain, 


G, Connection to Orsat apparatus, 
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PIG, 3. <A VIGW OF THE ESAMAUST GAS COLLECTING AND ANALYZING 
APPARATUS, 


A, Orsat apparatus taking a 100 ml sample, 

5, VGolleating and mixing tank. 

GC. Connection from exhaust manifold of engine, 
D, Vent, 

x, Water supply. 

¥, Water drain, 


G, Connection to Orsat apparatus, 
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TEST PROGZOURE 


The primary purpose of this investigation waa to de- 

termine the variation in fuel consumption for a constant 

_ load and speed when the charge efficiency was varied by 
throttling the air intake, Of secondary importance was 
the effect of reduction in charge efficiency upon the 
exhaust tenperatures, jacket-cooling water temperatures, 
detonation and soot formation. 

Runs were made at 900 rpm and 1300 rpm, brake mean 
effective pressures of 60, 45, 30 and 15 lb/sq in., and 
charge efficiencies, referred to dry air at 68° F. and 
14.7 lb/sq in., of from .60 to approximately .90, 

Before atarting runs the engine was brought up to 
operating temperatures. The governor was set to give 
the desired speed; the field and armature rheostats 
were adjusted to give the desired load; and the air in- 
take throttle was adjusted to allow the induction of the 
desired amount of air. ‘hen the engine had settled down 
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to steady operating temperatures the valve in the fuel line 
Was shifted so that the engine was taking fuel from the 


burette. “hen the fuel level in the burette passed the 
upper mark a awitch was closed which started the ¢lectric 
timer ani inserted the revolution counter, “hen the low- 
er mark was passed the switch was opened, stopping the tim- 
er and the revolution counter. The air temperature at 

the orifice, jacket-cooling water temperature, fuel tem=- 
perature, exhaust gas temperature and reading of the pres- 
gure drop across the air-metcring orifice were recorded 
during the run. The exhaust gas sample was also collected 
during the run and analyzed immediately using the standard 
Orsat apparatus. After a run waa completed the fuel sup- 
piy to the engine waa ahifted back to normal and the bur- 
ette refilled. 

The quantity of air supplied was computed from the 
barometric pressure, air temperature and pressure drop 
across the orifice. This figure was converted to charge 
efficiency referred to standard conditions (dry air at 
68° F, and 14.7 1b/sq in.) and is recorded as auch, The 
effect of atmospheric humidity was found to be negligible. 
The capacity of the fuel burette was converted to pounds, 
using the fuel temperature to obtain the correct fuel dens- 
ity; and the fuel consumption was recorded as pounds of 
fuel per revolution. 
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Seot formation was measured by using the Ackermann 
Combustion Triangle (1). The diagram is entered with ver 
cent carbon dioxide and per cent oxygen in dry exhaust gas 
as arguments, Soot is resorded as that fraction of the 
earbon in the fuel which is not burned, 

The air temperature at the alr-metering orifice was 
measured with a mercury thermometer, The fuel temperature 
Was obtainsd by means of a copper-constantin thermocourle. 


Jaoket-cooling water temperature was given by the regular~- 


ly installed thermometer. 
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BXPLANATION OF TEST CURVES 


The results of this investigation are shown in Figs. 
4 to 7 inclusive. Fis. 4 shows the relation between fuel 
eonsgumption and charge efficiency for different brake mean 


| effective pressures and constant speeds of 900 and 13500 


rpm, Fig. 5 shows the relation between fuel economy and 
charge efficteney for different brake mean effective pros- 
sures and constant epeeds of 900 and 1500 rpm. Fig. 6 

ani Fig. 7 show, respectively, the relation between ex- 
haust temperatures and charge efficienoy and between un- 
burned carbon in exhaust and charge effictensy for dif- 


ferent brake mean effective preesures at 900 rpm. 


Fig. 4: - These ourves present in graphical forn 
the major portion of the investigation. In addition to 


 @howing the relation between fuel consumption and charge 
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efficiency it shows the relation between each of the fore- 
going ami air to fuel ratio (per cent theoretical air). 
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The dashed and full lines show the variation in fuel con- 
sumption with shange in apeed. The increments of brake 
mean effective pressure chosen represent full load, three- — 
quarter load, half load and one-quarter load conditions, 

fin 5s - Fig. S presents the same data as Fig. 4 
in more conventional units amt in a slightly different form, 
However, it was not possible to present in this figure the 
linea of constant per cent theoretical air. 

Eis. 6: - The actual values of exhaust temperature 
‘presented in these curves are not particularly significant 
because the design of the thermocouple was not intended 
to produc@ extremely accurate results. However, the mane 
ner in which the termporature varied with charge efficiency 
for the different brake mean effective pressures 1a con- 
sidered both interesting and significant. 

Fig, 7: - These curves sre interesting in that they 
show the effect of charge efficiency ani load upon the 
completeness of combustion of the fuel, 

The extent of the curves in all the figures from 4 
to 7 was limited by the following conditions: The charge 
efficiency could not be materially reduced below a value 
of .60 because of the severe detonation which resulted, 
The upper limite of charge effielensy represent wunthrot- 
tled conditions, The 60 lb/sq in. brake mean effective 
preseure curves were terminated when the fuel pump reached 
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DISCUSSION 


~The fuel consumption of an internal combustion engine 
is affecte? by the load, speed, charge @ilution, friction 
losses, losses to jacket-cooling water, losses to exhaust 
gases, pumping losses, air to fuel ratio, atmospheric tem- 
“perature, preasure and humidity, the lenition and combus- 
‘tion of the fuel. Since this investigation was conducted 
in such a way that the speed and load was maintained con- 
stant for any single run and since the atmospheric tem- 
perature, pressure and humidity remained substantially 
constant for all runs these fectora can be subtracted from 
the list of vertables. 

Gharre dilution. Charge dilution is caused by the 

residual exhaust dides whieh remain in the clearance space 
at the end of the exhaust atroke. The volume of these gases 
ia constant but their weight is dependent upon the exhaust 
pressure and temperature, As the load is increased the 
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exhaust pressure rises tending to increase the weisht of 
the residual gases. At the same time the temperature 
rises tending to decrease the weight. The exhaust gases 
as they mix with the Ineoming charge increase its temper- 
ature, thereby decreasing the charge efficiency for a 
given suction pressure. The adverse effect of charge di- 
lution upon the thermodynamics of the cycle is to inhibit 
combustion by decreasing the ratio of oxygen in the charsce 
to the mitragen and carbon dioxide present. This adverse 
‘effect increases with decrease in charge efficiency and 
also with decrease in air to fuel ratio. In the first case 
the amount of oxygen brought in by the fresh charge ta 
reduced; and in the second, there 1s less oxygen and 
more carbon dioxide remaining in the résidual gases. 
Becaues compresslon-ignition engines have relatively small 
Clearance volumes and operate with considerable excess 
air charge, dilution ia much less important than in ear- 
buretor engines. 

Friction logseg. Friction losses are functions of 
@ngine speed and piston pressures and increase with an 
inereage in either of the two, Sineé the influence of 
other factors is likely to be small and since the brake 
mean effective pressure and speeds were maintained con- 
stant for each run it is believed that the friction losses 
for each run remained substantially constant. 
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Losses to cooling water. If the heat release within 
the cylinder is kept constant (vig. constant fuel charge), 


and, by throttling, the alr charge is desreased, the re- 
sult will be an increase in the temperature of the come 
bustion gases during the power and exhaust strokes. This 
is due to the fact that there ia a lesser weight of come 
bustion products to absorb the given amount of heat. The 
effeat of increased specific heats ami dissociation at 
high temperatures work in the direction of decreasing the 
temperature but are overshadowed by the mass effect. Since 
_ the temperature during the intake stroke will be relative- 
ly unaffected, the net result ia to inerease the average 
temperature during the cycle with inereased throttling of 
air, The average cressure during the cycle, for a given 
brake wean effective preasure will remain substantially 
constant regardlesa of throttling, Then, since the loss 
of heat from the gases to the cylinder walls are propor- 
tional to (p2r) 1/3 [1], the loasea to the cooling water 
Will be inereased with inereased throttling of air. 


Since, as Was shown above, 


19 


{1] Nusselt, “ilhelm, er Warmetibergang in der Verbren- 


migskraftmaschine, Forsehuncsarbeiten, Heft 
300, 


“aiddtw enpe for seett dg 20" paw saloeo © oul r 
stoma SInacvenoo nel taadenoo tqet ef aoe = 

~ot et ,Soemomeh ef opuno ate eds Balle souls 4 

“moo odd Ie omdtarecmed vrid nt eanetonl an ed. Lbw 4 

| aidT .delowde cenvartxe Lite “roweq off gnikwb ti tte 

tisk “aco 9 tigtew ‘tenool & of oxent Jens Sout orld ell 
eer and .toet Yo duvets neviy edd Ponda of soubor # 
ite ta Hottalooeeth bas essed oftloeqa bessotnnl 26. 
ae ttt amaisanh ‘te mefsoetld aft at stow eetwdats 


if 


“ ve ayer a? Lite eslotte oxedat ott gutwb ewioroqand 
— agirters od? osaetmal of ef tunes ton eft ,botoo?h . 
te patietout bedtetent deitw efoyo eda giltwb orn 19% 
‘ me Putte a haya reloyo ond pokwh otueaety syetova at : 
Ne tnstadua atanet Lilw erwaaety evisostte anon ¢ 
"ett out Sonte «med? .gntlttords Yo avelbusyor gas 
 pRoTOme ots Aifew whntiyo edd of wonng oxtt, port gaa 
| mete atisce ot of nonnol ont .it) (984) ota 


| o> i ebiabaaigamh beeeoroat cittw bosaesoesd og i 


» 


the gases of combustion are hotter for inereased air throt- 
tling, it follows that the loss to the exhaust gases will 
be greater. 

One effect of a throttle intake 


on the indicator card of an engine is to lower the suoe- 
tion line. Singe the exhaust line will be affected very 
little, the resulting negative loop formed by the exhaust 
and intake atrokes will become larger, This area repre- 
genta the pumping losses, and with increased throttling 
may become fairly laree. 

Air to fuel ratio. For a given fuel input, reducing 
the air charge results in a decrease in the air to fuel 
ratio, which in turn will reduce the eyele efficiency [1]. 
The effect is much more pronounced at lower values of air 
to fuel ratio, the efficiency curve flattening out consid- 
erably at about 30° per cent theoretical air. 

. The reduction in the pres- 
sure at the beginning of the compression stroke will cause 


a reduction in the compression pressure and temperature, 

‘which will sffeet the ignition and combustion of the fuel, 

(1) G.A. Goodenough and J.5, Baker, "A Thermodynamic 
Analysis of Internal Combustion Engine Gyeles"; 
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This, in turn, will affeat the shape of the indicator dia- 
gran and the thermodynamics of the working proceas, 

It was not found practicable to fit engine indieators 
on the engine used in the investigation; and without in- 
@icator diagrams to give aome idea of the way in which 
Combustion takes place, it is almost impossible to discuss 
the effect of throttling air intake upon the thermodynam- 
ic eyole. It would be inadvisable to apply ¢onclusions 
concerning ignition delay and rate of preasure rise drawn 
from any one engine to another engine in which the proceas 
of injection and distribution of the fuel is not exactly 
similar, Judge [1] lista the factors which will decrease 
the ignition delay and increase the speed of combustion 
asi 

(1) Snereage in turbulence; 

(2) increase in compression pressure; 

(3) satfercharging; 

(4) doped fuels. 
Sinee throttling the alr tntake reduces the compression 
pressure and is the inverse of supercharging it may be 
aggumed that it wlll increase the ignition delay and af- 


(1) A.v, Judge, "High-Speed Diesel Engines", Chapter 
on combustion, 
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fect the combustion process alversely. 

Gonfirming this asagumption, P.H. Schweitzer's work [1] 
on Diesel knock, in which the air intake of a compreasion- 
ignition engine was throttled, revealed that under throttled 
comliitions the peak pressures weredcoreased although the 
rate of pressure rise (the governing factor tn detonation) 
increased, The ignition delay was also inoreased. The 
result of this reduction in peak pressures and inorease in 
ignition delay would be a decrease in the average expansion 
ratio of the engine, thereby decreasing the efficiency of 
the cycle. 

Summary. On the basie of theoretical esnsiderations 
and the results of previous investigations it has been 
shown in the foregoing discussion that a decrease in sharge 
efficiency increases losses to acoling water, losses to 
exhaust gases and pumping losses. It also increases charge 
dilution, air to fuel ratio, ignition delay and speed of 
Gombustion, and thereby decreases the cycle efficiency. 

The drop in cycle efficiency due to these effects is more 
rapid under full load than under light load conditions. 

\ereenent with experiments) results. The experimental 
results shown in the curves of Figs. 4 and 5 are in gen- 


{1} P.H. Schweitzer, “Diesel Knock"; Proc, Amer, Soa. 
bech, snera. Nov. 1933. 
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@€ral agreement with the above theory and previous Inves- 
tigations. The slope of the curves for low brake mean 
effective pressures is relatively fiat but shows a def- 
inite ineorease in fuel consumption #ith deorease in charge 
efficiency. “hile for high brake mean effective presaswres 
the slove increases rapidly with decrease tn charge ef~ 
ficiency. 

The increase in temperatures of the exhmist gases ghown 
in Fig. 6 substantiate the statement that losses to exhaust 
eases increase with decrease in charge efficiency. 

There was noted, but not recorded elsewhere in this 
report, a definite increase in jacket-cooling water tem- 
perature with decrease in charge efficiency. The rises 
in temperature during the 900 rpm runs from the unthrot- 
tled to the limit of the throttled air intake conditions 


were as follows: 


(1) for a bmep of 15 1lb/sq in. A° F,3 
(2) for a bmep of 30 ib/sq in. S° F.y 
(3) for a bmep of 45 lb/sq in. T° F,} 
(4) for a bmep of 60 1b/sq in, 9°Fr, 


These results agree with the statement that there would be 
greater losses to the jacket-cooling water with decrease 
in charges efficiency. 

It will be noted in Pig. 7 that as the charge effic- 
fency decreased there was an increase in the completeness 


of combustion of fuel, which was greater under light load 


oui ti : Figtt 
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conditions than under fullload conditions. This would 
counteract to some extent the adverse effects upon eycle 
efficiency of decrease in charge efficiency; and may ox- 
plain the flatness at low lads of the fuel consumption 
curves in Figs. 4 and 5. 
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CONCLUSIONS 


The throttling of the alr intake of a pre-combustion 
chamber Diesel engine delivering a constant horsepower 
output at constant speed creates the following effeota: 

{1) Decreases the overall efficiency and fuel econ- 
omy of the engine. 

(2) Inereases the heat losses to the exhaust gases 
and to the cooling water. 

(3) Increases the pumping losses, 

(4) Detractsa from the smoothness of running of the 
engine and when the charge efficienay is aufficiently 
reduced cauaes severe detonation, 


(5) Inereases tenition delay. 
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7 Thesis 6321 
7 T8 Trippensee ; 
Investigation of effect 

of throttling air intake © 
upon certain operating 
characteristics of a pre= 
combustion chamber Diesel 
engine. 


Thesis 6321 
T8 Trippensee 
Investigation of effect 

of throttling air intake 
upon certain operating 
characteristics of a pre= 
combustion chamber Diesel 
engine, 


